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Here, we demonstrate that syndecan-2 has an asymMonocilia and expression of a dynein molecule have metric, instructive function in Xenopus LR development, been observed in a small group of cells in mice, chick, which is mediated by the phosphorylation of the cytofrog, and zebrafish gastrula, suggesting that they have plasmic domain of syndecan-2 in right, but not left, ectoderm. Furthermore, syndecan-2 phosphorylation is dependent on the upstream activity of PKC␥. The re- Figure 1A ) and gut looping (data not shown) with no other obvious morphological defects, whereas inhibitors of other PKC subclasses had no effects on LR development. In order to assess the specific stages during which cPKCs are required for LR development, the cell-permeable cPKC inhibitor was injected into the blastocoel at specific stages of early development. For normal LR development, cPKCs are specifically required during early gastrula stages ( Figure 1B ), but not in earlier or protein levels to 15% of uninjected controls when assayed at stage 11 and normalized to ␤-catenin ( Figure  2B ). Morpholinos targeted to right ectodermal cell lineages disrupted the orientation of heart looping ( Figure  2C ). In contrast, no effect on LR development was observed when morpholinos were targeted to left ectodermal cell lineages ( Figure 2C ).
Results

Normal LR Development Requires PKC␥ Function in Early Gastrula
To confirm that PKC␥ mediates LR development in the ectoderm where it is endogenously expressed (Otte et al., 1991), we targeted the PKC␥ morpholinos to the lateral plate mesoderm and endoderm by injecting the ventral vegetal cell lineages at the 8-cell stage and observed no effect on LR development (3% reversed hearts, n ϭ 78). The lack of morpholino effect on the left side indicated that the effect on the right side was unlikely to be a nonspecific effect of morpholino injection. The lack of morpholino effect when injected into mesoderm precursors indicates that the function of xPKC␥ in left-right development is restricted to ectodermal lineages. As an additional control, we asked whether the PKC␥ morpholino effect could be abrogated by reintroduction of exogenous PKC␥. Normal heart looping was significantly rescued when a full-length mouse PKC␥ (with distinct a 5ЈUTR that does not match the Xenopus morpholino sequence) was coinjected with the morpholinos into the right ectoderm (16% heart rever- phosphospecific syndecan-2 antibodies that recognize distinct phosphorylation states of the syndecan-2 cytoplasmic domain, as well as antibodies that recognize peptide inhibitor at stage 10.5 ( Figure 1D ). In treated embryos, Xnr1 expression was predominantly bilateral the syndecan-2 core protein regardless of its phosphorylation state ( Figure 3A ). (48%, n ϭ 46; 20% left sided, 17% absent, 15% right sided), indicating that PKC functions upstream of the Based on the results illustrated in Figure 1B , stage 11 appeared to be the optimal stage at which to assay for earliest known asymmetric gene transcription in Xenopus.
phosphorylation of PKC␥ targets. To further define the window during which PKC␥ regulates LR development (and theoretically syndecan-2 phosphorylation), we ex-PKC␥ Functions Asymmetrically in LR Development amined two aspects of cPKC peptide inhibitor kinetics: the rapidity of inhibitor effect and the persistence of Two complementary approaches were used to begin to assess whether PKC␥ is a permissive or instructive siginhibitor effect after injection. We assessed the phosphorylation state of syndecan-2 at stage 11 in embryos nal in early LR development. First, specific left or right ectodermal lineages were targeted with dnPKC␥. Heart in which the peptide was injected at stage 9.5 (no effect on LR) or stage 10.5 (maximal effect on LR). Embryos looping was preferentially randomized when dnPKC␥ was targeted to the right ectoderm ( Figure 2A ). Second, injected at stage 10.5 had substantially decreased syndecan-2 phosphorylation within 45 min (assayed at endogenous PKC␥ synthesis was inhibited by antisense morpholinos in specific left or right ectodermal lineages.
stage 11, 14% of uninjected, Figure 3B ). Thus, it is likely that the inhibitor took effect immediately. Two observaWe cloned and characterized Xenopus PKC␥ transcripts (see Supplemental Figure S1 online at http://www.cell. tions indicate that the inhibitor is only effective for approximately 1 hr after injection. Injection of peptide at com/cgi/content/full/111/7/981/DC1) and designed antisense morpholino oligonucleotides that are complestage 10 had strong effects on LR, whereas injection 1 hr earlier, at stage 9.5, had no effects on LR ( Figure 1B ). mentary to the 5ЈUTRs. Injection of antisense morpholinos at the 2-cell stage reduced endogenous xPKC␥ This suggests the inhibitor injected at stage 9.5 had dissipated by stage 10. Similarly, embryos injected with inhibitor at stage 9.5 had normal levels of syndecan-2 phosphorylation (assayed at stage 11, syndecan-2 phosphorylation was 103% compared to uninjected embryos, Figure 3B ). These results demonstrate that the developmental window during which cPKC function is necessary for syndecan-2 phosphorylation and LR development is brief, occurring during the first 2 hr and 45 min of gastrulation, from stages 10 to 11. Therefore, stage 11 is the optimal stage to assay for phosphorylation of syndecan-2. Western blot analyses of stage 11 embryos dissected into left and right halves indicated that syndecan-2 core proteins were symmetrically expressed, but the cytoplasmic domain of syndecan-2 was dramatically more phosphorylated on the right ( Figure 3C ). When normalized to ␤-catenin, syndecan-2 was on average 4-fold more phosphorylated on the right than on the left (left phosphorylated syndecan-2 24% Ϯ 9% of right from three independent experiments). Similar results were seen when previously published antibodies (Marynen et al., 1989) were used to immunoprecipitate syndecan-2 before Western blot analysis with the phosphospecific syndecan-2 antibodies ( Figure 3D ), further confirming the specificity of the phosphospecific syndecan-2 antibodies.
During gastrulation, syndecan-2 mRNA expression is restricted to the sensorial ectoderm, the deep layer of ectoderm that interacts with the migrating mesoderm (Teel and Yost, 1996) . To confirm that syndecan-2 protein expression is similarly restricted and to examine syndecan-2 phosphorylation in situ, we performed whole-mount immunocytochemistry on stage 11 embryos. Using the antibodies that recognize syndecan-2 regardless of its phosphorylation state, syndecan-2 core protein was observed throughout the sensorial ectoderm, with a boundary of expression at both the left and right blastopore lips ( Figure 3E, left) . The boundary was strikingly sharp at the lip of the blastopore: noninvoluted cells that will become ectoderm expressed syndecan-2 
Phosphorylation of Syndecan-2
Regulates LR Development Although unlikely, it is possible that the LR differences in phosphorylation of endogenous syndecan-2 protein do not have a role in LR development. To test the developmental functions of syndecan-2 phosphorylation, we generated phosphodeficient syndecan-2 mutants by changing the phosphoaccepting cytoplasmic serines to that the two phosphorylation sites might function in an additive and partially redundant manner.
Since the fully phosphodeficient syndecan-2 had efthe opposite side specificity of the phosphodeficient syndecan-2. Heart looping was disrupted when the fects that were stronger than either single serine-toalanine mutation when injected bilaterally, we utilized it phosphomimetic syndecan-2 was targeted to the left ectoderm and not when it was targeted to the right to assess whether LR development could be altered by unilateral injections of phosphodeficient syndecan-2.
ectoderm. These results support the conclusion that the phosphorylation of endogenous syndecan-2 is obligaWhen phosphodeficient syndecan-2 was targeted to the right-side ectoderm, heart orientation was disrupted to tory for normal LR development: syndecan-2 must be phosphorylated on the right and not phosphorylated on a much greater extent than when it was targeted to the left side ( Figure 4A) . In other words, a syndecan-2 that the left. Additionally, both syndecan-2 phosphorylation states, dephosphorylated in left cells and phosphorycannot be phosphorylated acts as a dominant-negative mutant in right-side cells, but not in left-side cells. This lated in right cells, have distinct side-specific regulatory roles in normal LR development. is consistent with the results from targeting dnPKC␥ or PKC␥ morpholinos to the right side as well as with the Phosphodeficient and phosphomimetic syndecan-2 constructs were only targeted to the ectoderm because observed phosphorylation of endogenous syndecan-2 only on the right side. Together, these results indicate endogenous syndecan-2 protein is only expressed in the ectoderm ( Figure 3E) , and a cytoplasmically truncated that PKC␥ activity and phosphorylation of its putative endogenous substrate, the cytoplasmic domain of syndominant-negative syndecan-2 has no effect on LR development when targeted to the mesendoderm (Kramer decan-2, in right ectodermal cells are necessary for LR development.
and Yost, 2002). Nonetheless, as an additional control to demonstrate that neither construct has any activity in Expression of phosphodeficient syndecan-2 had sidespecific effects, suggesting that phosphorylation on the the mesendoderm, constructs were injected into vegetal mesendoderm precursors. Phosphodeficient synderight side was obligatory for normal LR development. Therefore, we asked whether nonphosphorylation was can-2 targeted to right mesendoderm by injecting into the right vegetal cell had no effect on LR development required on the left side. Studies of several phosphoproteins have utilized the mutation of serine to glutamic acid (4% heart reversals, n ϭ 47). Likewise, phosphomimetic syndecan-2 targeted to left mesendoderm by injecting to generate a phosphomimetic protein that structurally behaves as if the serine is constitutively phosphorylated into the left vegetal cell had no effect on LR development (4% heart reversals, n ϭ 49). These results support the ( Thorsness and Koshland, 1987) . In this case, we generated a construct in which both cytoplasmic serines of conclusion that phosphodeficient and phosphomimetic syndecan-2 perturb LR development by specifically insyndecan-2 were changed to glutamic acid residues. Unilateral injection of phosphomimetic syndecan-2 terrupting endogenous syndecan-2 function in the ectoderm. (S150,151E; Figure 4B ) altered heart orientation, but with
Discussion
We have identified PKC␥ as an early regulator of LR development. Syndecan-2 was previously shown to be involved in LR development (Kramer and Yost, 2002 ), but we did not know whether syndecan-2 functioned as a permissive cofactor or as an instructive asymmetric signal. Here, we demonstrate that syndecan-2 is phosphorylated in the right ectoderm during early gastrulation, concurrent with the period during which PKC␥ activity is required in LR development. During that period, left mesendoderm migrates across ectoderm that expresses nonphosphorylated syndecan-2, while right mesendoderm migrates across ectoderm that expresses phosphorylated syndecan-2. Strikingly, both the phosphorylated syndecan-2 in the right ectoderm and nonphosphorylated syndecan-2 in the left ectoderm have roles in LR development. PKC␥ phosphorylates syndecan-2, and loss of PKC␥ activity can be rescued by expression of phosphomimetic syndecan-2. These results indicate that PKC␥ is upstream of syndecan-2 in the same instructive LR developmental pathway that occurs prior to the formation of monocilia in Xenopus. ., 1993a, 1993b) . Other PKC isoforms have overlapping temporal and spatial expression patterns in the embryo (Pauken and Capco, 2000) , opening the possibility that other PKC isoforms might be compensatory in PKC␥ null mice. In contrast, the PKC␥ expression pattern in Xenopus is spatially distinct from PKC␣ and PKC␤ (Otte  et al., 1991) . Thus, it might be necessary to examine PKC double mutants in mice in order to reveal the role for PKC␥ in LR development that we have been able to demonstrate here because Xenopus PKC␥ has a spatially distinct expression pattern.
An Early LR Developmental Timeline
We have demonstrated that PKC␥ and syndecan-2 have asymmetrically instructive roles in Xenopus LR development, but it is curious that the four sets of targeted injections have subtly different side specificity: PKC␥ morpholino and phosphomimetic syndecan-2 disrupt normal LR development in a distinctly side-specific manner, while dnPKC␥ and phosphodeficient syndecan-2 moderately (but not significantly) disrupt LR on the left while fully randomizing LR when injected on the right. In the case of PKC␥, the dominant-negative is a 
